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a  b  s  t  r  a  c  t
Closing  loops  are  used  in  orthodontics  to  apply  forces  on  teeth  and  cause  them  to  move  in  a desired
direction.  The  objective  of  this  study  was  to  investigate  the  effect  of  loop  geometry  and  position  on  loop
properties.  Using  ﬁnite  element  analysis,  loop  response  was  simulated  for  three  closing  loop  designs  (ver-
tical,  T-, and  L-loop)  at thirteen  loop  positions.  Loop  length  and  height  were  14 and  10-mm,  respectively.
Loop  properties  (horizontal  load/deﬂection,  vertical  force,  and  moment-to-force  ratio  M/F)  on both  ends
were  measured  at 100  and  200  g  force  activation  or  when  moving  both  ends  2-mm  together.  It  was  found
that  the  pattern  of  changes  in  loop  properties  with  loop  position  was  similar  for  the  vertical  and  T-loop.
They  reached  their  maximum  M/F-ratios  of 5.5 and  7.3,  respectively,  at the  ends  closest  to 1/5 or  4/5  off-/F-ratio
tainless steel wire
inite  element analysis
center  loop  positions.  M/F-direction  at  an  end  changed  when  the  loop  was  about  2/3  away  (vertical  loop)
or  4/5  (T-loop).  The  L-loop  behaved  differently,  reaching  its  maximum  8.7  M/F-ratio  (200  g activation)
when  centered.  M/F-direction  only  changed  at the  opposite  end  of the  L-loop  direction,  and  occurred
when  the  loop  was  centered.  This  study  showed  that  loop  properties  depended  on  loop  shape,  position
and  activation.  The  way  properties  changed  with  loop  position  depended  on  their  designs.  Clinicians
should  consider  the  speciﬁc  characteristics  of each  loop  conﬁguration  for desired  tooth  movements.
 Japan© 2012
. Introduction
Loop mechanics uses closing loops to generate forces for mov-
ng teeth. Unlike sliding mechanics, there is no friction generated
etween wire and bracket. Therefore, forces are applied directly to
he teeth. Different loop designs have been introduced, such as, ver-
ical or tear drop loops, T-loops, L-loops, Gjessing’s springs [1–6],
hich can be further modiﬁed with coils, tipping, etc. Loop design
etermines their properties. Good understanding of this behavior
s thus essential to achieve desired tooth movements.
The main properties to characterize the physical response of
losing loops are the moment to force (M/F) ratio, load/deﬂection,
nd vertical force. M/F-ratios are particularly useful because they
ave been associated with type of tooth movements. M/F-ratios of
pproximately 10 and 7 were linked to translation and controlled
ipping, respectively [7,8].Loop designs have been reﬁned to obtain as high M/F-ratios
s possible by varying height, width, shape, position, wire mate-
ial and cross-section [5,9,10]. Height has a signiﬁcant effect,
∗ Corresponding author at: Biomaterials Research, Department of Bioscience
esearch,  College of Dentistry, University of Tennessee Health Science Center, 875
nion Avenue, Memphis, TN 38163, USA. Tel.: +1 901 448 6372.
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348-8643/$ – see front matter ©  2012 Japanese Stomatological Society. Published by Els
ttp://dx.doi.org/10.1016/S1348-8643(12)00072-9ese Stomatological Society. Published by Elsevier Ltd. All rights reserved.
where increasing height increases M/F-ratios. A 6-mm high ver-
tical loop had an M/F-ratio of approximately 2, while 10-mm
high vertical loops had M/F-ratios of about 4 for 7-mm loop
length [9]. Loop length and coil had less effect on the M/F-ratio.
For T-loops, M/F-ratios level out as the gingival-horizontal length
increases.
Shape also affects loop properties. The M/F-ratio of a T-loop
was higher than a vertical loop with the same height [9,11]. Opus
loops, resembling an L- loop with a helix in the apical portion,
were introduced to increase M/F-ratios [5,12]. An Opus-70 loop,
with vertical legs tipped 70◦ backward, had an M/F-ratio as high as
8.9, which cannot be achieved with vertical or T-loops. This ratio,
however, was  only determined for two  positions (center and 2-mm
from one loop end). Loop positioning modiﬁes properties as well.
Off-center positioning of T-loops increased the moment at the clos-
est bracket, like the greater moments that act on teeth closest to a
V-bend [4,9,11].
Since  resulting forces and moments on either end of a closing
loop are determined by speciﬁc loop shape and position, it is crit-
ically important for clinical application to systematically evaluate
each design. Our objective was to test the effect of loop position
on the properties of three different loop designs (vertical, T- and
L-loops). Their properties (load/deﬂection, vertical force and M/F-
ratio) were recorded at both loop ends using ﬁnite element analysis
(FEA).
evier Ltd. All rights reserved.
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. Materials and methods
The  three evaluated designs and their dimensions are shown
n Fig. 1A–C. Loop height (10 mm)  and length (14 mm)  were the
ame for all designs. The length was dimensioned to simulate the
istance between a canine and second premolar’s bracket at the
arly stage when the ﬁrst premolar has been extracted. Thirteen
/b-ratios were investigated (a/b = 0.07, 0.14, 0.21, 0.29, 0.36, 0.43,
.50, 0.57, 0.64, 0.71, 0.79, 0.86 and 0.93).
Directions of the vertical force Fy and moment Mz  are deﬁned
n Figure 1D. Positive values of Fy are directed away from the loop
extrusion), while negative values are in the loop direction (intru-
ion). Positive moments turn the loop clockwise, negative moments
ounterclockwise.
Loop geometry was modeled for stainless steel wire with
 0.016 × 0.022 in. rectangular cross-section using FEA software
MSC.Marc, MSC  Software, Santa Ana, CA, USA). The wire was
odeled using elastic beam elements. The vertical, T-, and L-loop
odels consisted of 279, 519, and 439 elements, respectively.
he beam elements allowed linear interpolation for displace-
ents and rotations, including transverse shear. The FEA modeling
pproach allowed determination of geometric non-linearity effects,
f present. The elastic modulus for the stainless steel wire was
57.6 GPa and the Poisson’s ratio 0.3 [13].
Both  ends of the closing loops were ﬁxed in 6-degrees of freedom
3 displacements and 3 rotations). During the analysis the two  ends
ere horizontally moved 1 mm in 0.05 mm  increments in opposite
irections, increasing the total distance between both ends 2-mm.
he horizontal reaction force (Fx), vertical force (Fy) and moment
Mz) were determined at both ends.
Additionally, the distance between both ends and the Fy- and
z-values at both ends was determined while applying 100 or
00 g force in x-direction (ﬁxation in x-direction at the loaded
nd was removed). The load/deﬂection was calculated by divid-
ng the applied (horizontal) force Fx by the measured deﬂection in
-direction (dx).
.  Results
The calculated bending patterns of the three closing loop sys-
ems at center and off-center locations for 2-mm activation are
emonstrated in Figs. 2–4. The dotted line represents the passive
ondition and the solid line the 2-mm activated condition. M/F-
atios and vertical forces on both ends of the loops are displayed.
When  vertical and T-loop were centered (a/b = 0.50), equal
oments in opposite directions were found on both ends and no
ertical forces (Figs. 2 and 3). When the vertical and T-loop were
laced off-center (a/b = 0.79), both loop types had the same force
atterns at each end in opposite directions (intrusion at long-end,
xtrusion at short-end). Moment directions were different. The ver-
ical loop was counterclockwise at both long and short-ends, while
he T-loop was clockwise at the long-end and counterclockwise at
he short-end.
For a centered L-loop, vertical forces were not zero and moments
ad different values at both ends (Fig. 4). All L-loop positions
howed the same force pattern, with on the right-end extrusion
orce and counterclockwise moment. On the left intrusion forces
ere found, but moment directions varied depending on loop
osition. Centered and left off-center positions created clockwise
oments while right off-center position yielded counterclockwise
oments.
Deﬂection in horizontal direction under 100 g force changed
ith loop position (Tables 1–3 and Fig. 5). For the vertical loop,
oad/deﬂection varied 132.0–203.7 g/mm (range 71.7 g/mm), and
or the T-loop 63.5–91.8 g/mm (range 28.3 g/mm). For both loopsnce International 10 (2013) 58– 64 59
load/deﬂection ratios were lowest when centered and highest
when placed close to either end. For the L-loop load/deﬂection var-
ied 60.5–162.0 g/mm (range 101.5 g/mm). Load/deﬂection ratios
were lowest when the right-facing L-loop was close to the
left-end. When moved towards the right-end, load/deﬂection
ratios increased and became highest close to the right-end.
Load/deﬂection values at 200 g force were nearly the same as at
100 g.
Vertical  forces created by horizontal forces were zero when
the vertical or T-loops were centered, and maximal when placed
close to an end (Tables 1–3 and Fig. 6). The wire end closest to
the loop experienced extrusion force. Vertical forces of the verti-
cal and T-loop were close, and changed at the same rate. For the
L-loop vertical force increased when a/b-ratio increased, generat-
ing intrusion forces on the left side and extrusion forces on the
right side for a/b ≥ 0.21. At a/b = 0.07 vertical forces were reversed.
Directional change of vertical force happened at a/b of about 0.14.
Vertical forces increased approximately proportional with applied
horizontal activation forces (100 or 200 g), but general variation
with loop position remained alike.
For vertical loops maximum M/F-ratios were found at a/b = 0.21
and 0.79 (Table 1 and Fig. 7). Maximum M/F  = 5.5 at 200 g activa-
tion was  the same as at 100 g. At this position the M/F-ratio on the
other end was approximately 1 in the same direction. M/F-ratios
at both ends were in the same direction when a/b ≤ 0.29 or ≥0.71,
and in opposite directions for a/b-ratios 0.36–0.64. The M/F-ratio
was equal in opposite directions when the vertical loop was cen-
tered. Directional change of M/F  at the long-end happened between
a/b-ratios 0.29–0.36 and 0.64–0.71.
For T-loops maximum M/F-ratios were also found at a/b = 0.21
and 0.79 (Table 2 and Fig. 7). Maximum M/F  = 7.48 at 200 g acti-
vation was slightly higher than the 7.26 calculated at 100 g. At this
position the M/F-ratio on the other end was close to zero in opposite
direction. At small a/b-ratios (loop placed close to left-end) M/F-
ratios were positive at both the left- and right-end. As loop position
moved to the right (a/b-ratio increased), M/F-ratio decreased at the
left-end and became increasingly negative on the right. Unlike the
vertical loop, both ends had the same M/F-direction if a/b ≤ 0.14 or
≥0.86. When a/b-ratios were 0.21–0.79, M/F-ratios on both ends
were in opposite directions. The M/F-ratio was  equal in opposite
direction when the T-loop was centered. Directional change of
M/F at the long-end happened between a/b-ratios 0.14–0.21 and
0.79–0.86.
For the L-loop the M/F-ratios on the right-end were negative
for all a/b-ratios, while M/F-ratios on the left-end decreased and
changed from positive to negative when loop position moved from
left to right (Table 3 and Fig. 7). The change (M/F = 0) at the left-end
happened between a/b-ratios 0.50–0.57. Maximum M/F-ratios at
the right-end were also found around this position. For a/b = 0.50
the maximum M/F-ratio was  −8.65 at 200 g activation, and slightly
lower −8.19 for 100 g. These maximum M/F-ratios were higher than
those of the vertical and T-loops.
4. Discussion
FEA is often used in orthodontic research [14,15]. The val-
ues calculated by the ﬁnite element technique are close to those
obtained with experimental methods [6]. This study used FEA to
systematically study and document the mechanical response of
commonly used closing loops. In general, the patterns of change
in the moments at both ends of a loop are similar to a V-bend [9].
When loops are activated, not only horizontal and vertical forces
are generated, but also moments. When a vertical loop was  moved
from the center to one side, the moment on that side increased,
whereas the other side had a lower moment in opposite direction.
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Fig. 1. Conﬁgurations and dimensions of three closing loops, where a is the distance from left-end to loop center, and b = 14-mm is the loop length (distance from left to
right-end). (A) Vertical loop; (B) T-loop; (C) L-loop; and (D) deﬁnitions for vertical forces and moments. Positive vertical forces move tooth in the direction opposite of loop
(extrusion), negative forces move tooth in the loop direction (intrusion). Positive moments rotate tooth clockwise, negative moments rotate tooth counterclockwise.
Fig. 2. Vertical loop deﬂection and properties at 2-mm activation when loop is centered (a/b = 0.50) or right off-center (a/b = 0.79). Gray dashed line is the unactivated loop
shape.
Fig. 3. T-loop deﬂection and properties at 2-mm activation when loop is centered (a/b = 0.50) or right off-center (a/b = 0.79). Gray dashed line is the unactivated loop shape.
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Fig. 4. L-loop deﬂection and properties at 2-mm activation when loop is placed left off-center (a/b = 0.21), centered (a/b = 0.50), or placed right off-center (a/b = 0.79). Gray
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Cashed line is the unactivated loop shape.
owever, when a loop was moved further to about 1/3 position,
he moment on the long-end became zero. Beyond 1/3 off-center
urned the moment on the long-end into the same direction as the
hort-end. The change in direction of the moment on a T-loop’s
ong-end, as shown in this study, has not been reported previ-
usly. Others described decreasing M/F-ratios with increasing arm
engths [9,16,17]. Our study conﬁrmed this for symmetrical loops,
here change in moment direction occurred at about 1/3 or 2/3
or a vertical loop and 1/5 or 4/5 for a T-loop. Our results thus
xpand Burstone and Koenig [9] data by showing that the opti-
um (maximum) M/F-ratios for the vertical and T-loops occur at
he short-end for a/b-ratios of about 1/5 or 4/5, but decrease beyond
hese positions.
able 1
alculated loop properties (M/F-ratio, vertical force Fy, and load/deﬂection Fx/dx) on the
Vertical loop 100 g activation 
loop position (a/b) M/F  (mm)
left/right
vertical force
(g)
left/right
load/deﬂe
(g/mm)
0.07 5.10/2.08 49.5/−49.5 203.7 
0.14  5.38/1.77 49.2/−49.2 185.8 
0.21  5.52/1.26 46.4/−46.4 168.4 
0.29  5.43/0.47 40.2/−40.2 153.3 
0.36  5.00/−0.58 30.1/−30.1 141.7 
0.43  4.21/−1.82 16.2/−16.2 134.5 
0.50 3.09/−3.09 0.0/0.0 132.0 
0.57  1.82/−4.21 −16.2/16.2 134.5 
0.64  0.58/−5.00 −30.1/30.1 141.7 
0.71  −0.47/−5.43 −40.2/40.2 153.3 
0.79  −1.26/−5.52 −46.4/46.4 168.4 
0.86  −1.77/−5.38 −49.2/49.2 185.8 
0.93  −2.08/−5.10 −49.5/49.5 203.7 The L-loop behaved different than the two symmetrical loops,
with negative moments on the right-end (counterclockwise) for
all a/b-ratios. Moments on the left-end were positive or negative,
depending on loop position. The highest M/F-value was found at
the right-end, with the loop approximately centered. To obtain high
M/F-ratios clinically, vertical and T-loops should thus be placed off-
center but not too close to one side, while L-loops should be placed
around the center.
Siatkowski [18] carried out mechanical tests on Opus loops,
which are similar to L-loops but with a coil at the top of the vertical
leg. A 13-mm length Opus-90 loop, positioned 2-mm from one
end, had an M/F-ratio as high as 8.6 on the short-end. However,
the M/F-ratio for the other end was not reported. For the L-loop
 left-end and right-end of the vertical loop for thirteen loop positions (a/b).
200 g activation
ction M/F (mm)
left/right
vertical force
(g)
left/right
load/deﬂection
(g/mm)
5.21/2.01 96.5/−96.5 206.0
5.46/1.68 94.6/−94.6 186.4
5.53/1.13 87.5/−87.5 168.2
5.35/0.34 74.1/−74.1 153.3
4.86/−0.68 54.0/−54.0 142.5
4.05/−1.83 28.5/−28.5 136.0
3.00/−3.00 0.0/0.0 133.8
1.83/−4.05 −28.5/28.5 136.0
0.68/−4.86 −54.0/54.0 142.5
−0.34/−5.35 −74.1/74.1 153.3
−1.13/−5.53 −87.5/87.5 168.2
−1.68/−5.46 −94.6/94.6 186.4
−2.01/−5.21 −96.5/96.5 206.0
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Table 2
Calculated loop properties (M/F-ratio, vertical force Fy, and load/deﬂection Fx/dx) on the left-end and right-end of the T-loop for thirteen loop positions (a/b).
T-loop 100 g activation 200 g activation
loop position
(a/b)
M/F  (mm)
left/right
vertical  force
(g)
left/right
load/deﬂection
(g/mm)
M/F  (mm)
left/right
vertical  force
(g)
left/right
load/deﬂection
(g/mm)
0.07 6.78/0.95 51.4/−51.4 91.8 7.02/1.05 100.8/−100.8  91.7
0.14 7.10/0.39  49.4/−49.4 84.3 7.35/0.48 96.2/−96.2 83.6
0.21  7.26/−0.39 45.0/−45.0 77.4 7.48/−0.31 86.6/−86.6 76.1
0.29  7.19/−1.39 37.7/−37.7 71.6 7.33/−1.32 71.5/−71.5 70.0
0.36  6.80/−2.56 27.4/−27.4 67.1 6.85/−2.5 51.0/−51.0 65.6
0.43  6.07/−3.82 14.4/−14.4 64.4 6.04/−3.75 26.5/−26.5 63.0
0.50 5.04/−5.04 0.0/0.0 63.5 4.97/−4.97 0.0/0.0 62.1
0.57 3.82/−6.07 −14.4/14.4 64.4 3.75/−6.04 −26.5/26.5  63.0
0.64  2.56/−6.80 −27.4/27.4 67.1 2.50/−6.85 −51.0/51.0 65.6
0.71  1.39/−7.19 −37.7/37.7 71.6 1.32/−7.33 −71.5/71.5 70.0
0.79  0.39/−7.26 −45.0/45.0 77.4 0.31/−7.48 −86.6/86.6 76.1
0.86  −0.39/−7.10 −49.4/49.4 84.3 −0.48/−7.35 −96.2/96.2 83.6
0.93  −0.95/−6.78 −51.4/51.4 91.8 −1.05/−7.02 −100.8/100.8 91.7
Table 3
Calculated loop properties (M/F-ratio, vertical force Fy, and load/deﬂection Fx/dx) on the left-end and right-end of the L-loop for thirteen loop positions (a/b).
L-loop 100 g activation 200 g activation
loop position
(a/b)
M/F  (mm)
left/right
vertical  force
(g)
left/right
load/deﬂection
(g/mm)
M/F  (mm)
left/right
vertical  force
(g)
left/right
load/deﬂection
(g/mm)
0.07 5.46/−4.12 9.2/−9.2 61.0 5.41/−3.71 25.4/−25.4 56.2
0.14  4.97/−5.08 −0.1/0.1 60.5 4.95/−4.71 8.4/−8.4 55.5
0.21 4.25/−6.05 −11.0/11.0 61.1  4.26/−5.76 −11.9/11.9 55.6
0.29  3.34/−6.93 −22.6/22.6 63.1 3.36/−6.78 −34.3/34.3 56.9
0.36  2.29/−7.62 −34.0/34.0 66.9 2.32/−7.67 −57.4/57.4 59.8
0.43  1.22/−8.05 −44.1/44.1 72.7 1.21/−8.31 −80.3/80.3 65.5
0.50  0.22/−8.19 −52.1/52.1 80.7 0.18/−8.65 −98.0/98 72.0
0.57  −0.64/−8.08 −57.6/57.6 90.8 −0.73/−8.64 −111.7/111.7 82.1
0.64  −1.33/−7.77 −60.6/60.6 103.0 −1.45/−8.34 −119.9/119.9 95.0
0.71 −1.84/−7.33  −61.6/61.6 116.8 −1.96/−7.85 −123.1/123.1 110.3
 
 
 
i
L
d
d0.79  −2.20/−6.83 −61.1/61.1 131.7
0.86  −2.43/−6.31 −59.5/59.5 147.1
0.93  −2.56/−5.81 −57.3/57.3 162.0
n this study the highest M/F-value (8.2–8.7) was found when the
-loop was centered. Positioning the L-loop closer to the right-end
ropped the M/F-ratio below 7. This difference may  be due to
esign variations between Opus and L-loops, and should be taken
Fig. 5. Horizontal load/deﬂection of vertical loop, T-loop, and L-loop for−2.29/−7.27 −122.3/122.3 127.3
−2.48/−6.67 −118.8/118.8 145.3
−2.58/−6.09 −113.9/113.9 162.9
into  account by clinicians. Safavi et al. [11] investigated four loop
designs (vertical helical, T-, L-, and Opus loops) in one eccentric
position. Loop size and position were not provided, but the a/b-
ratio appears to have been about 0.8. Corresponding M/F-ratios for
 various loop positions and two  activation forces (100 and 200 g).
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o our study. For the Opus loop they calculated M/F-ratios of 7.6
nd 1.7 on the short-end and long-end, respectively. In our study
he T-loop reached its maximum M/F-ratio around this position,
ut the L-loop reached its maximum at center.
No 10-mm high closing loop has produced an M/F-ratio as
igh as the optimum 10 for translation. Siatkowski [19] suggested
hat 8–9 M/F-ratio may  be sufﬁcient to obtain bodily movement.
ome loop conﬁgurations like the Opus-70 generated M/F-ratios
s high as 8.7 [5,12]. Positioning loops closer to the end that
eeds the higher ratio and gable bends have been proposed to
oost M/F-values [4,10,20,21]. Our results show that adjusting posi-
ion increases M/F-ratios. However, maximum ratio on one end
roduces minimum values on the other side. Clinically, a tipping
ovement would occur at the end with those low M/F-ratios. To
void tipping movement, a gable bend may  be added to this leg to
ncrease its M/F-ratio [22]. A gable bend in an anterior leg generated
n M/F-ratio of 10–13 at 1-mm activation and 40–70 at 0.1-mm
Fig. 7. Moment-to-force ratio M/F  at both ends of the vertical loop, T-loop, and Lfor various loop positions and two activation forces (100 and 200 g).
activation [11]. A gable bend would thus give a high but rapidly
decreasing M/F-ratio, producing controlled tipping to translation to
root movement in one 1–2 mm  activation cycle [4,9,11]. This study
demonstrated that without gable bend, all loops at all positions
showed nearly constant M/F-ratios on both ends with 100–200 g
activation.
While M/F-ratio and load/deﬂection were only slightly affected
by spring activation, the vertical force approximately doubled
when the horizontal force was doubled (100–200 g). This pro-
portional relationship for the vertical force was  also reported in
previous studies [4,9]. Vertical forces generated by L-loops showed
a different pattern than symmetrical loops. Vertical forces were
maximal when vertical or T-loops were placed close to one end and
decreased when the loop was moved toward the center, changing
direction at the center. Vertical forces on the side closest to the loop
were extrusion forces with intrusion on the other side. This char-
acter was  reported before [9,11]. However, the L-loops behaved
differently, where for a/b-ratios 0.14 (loop close to left-end) to 0.93,
-loop for various loop positions and two  activation forces (100 and 200 g).
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The  load/deﬂection response was also different between the
ymmetrical vertical and T-loops and asymmetrical L-loop. Min-
mum load/deﬂection was found for vertical and T-loops when
entered, and maximum when positioned close to an end. The L-
oop gave the lowest load/deﬂection value when positioned at the
eft-end (a/b = 0.14) and highest at the right-end (a/b = 0.93).
. Conclusions
All loop properties depended on the loop shape, position and
ctivation. It was shown that no loop generated an inherent M/F-
atio higher than its height. For symmetrical vertical and T-loops,
he M/F-ratio could be increased at one end by moving the loops
loser to that end, up to 1/5 of the loop length; moving the loop
loser than 1/5 caused a drop in M/F-ratio. The asymmetrical L-loop
ave its maximum M/F-value when centered. Directional change in
he M/F-ratio happened when the loop was about 2/3 away (vertical
oop) or 4/5 (T-loop), while for the L-loop the direction of the M/F-
atio only changed at the opposite end of the L-loop direction, and
ccurred at the centered loop position. Achieving maximum M/F-
atio on one end caused minimum M/F-ratio (approximately zero)
t the other end, which can cause a tipping movement. The analysis
lso showed that vertical forces generated by vertical and T-loops
witched direction at the center. The short leg end had an extrusion
orce (opposite direction of the loop), the long leg end was  intru-
ion (same direction as loop). For L-loops facing right, the vertical
orce at the right-end was mostly extrusion (a/b > 0.14). Vertical and
-loops showed the lowest load/deﬂection values when centered
nd highest when placed close to an end. For L-loops facing right,
he lowest load/deﬂection was found when positioned close to the
eft-end and highest when positioned close to the right-end. It can
herefore be concluded that position affected loop properties dif-
erently for different designs. Consequently, clinicians should take
nto account speciﬁc characteristics of each loop conﬁguration to
reate desired tooth movements.cknowledgements
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